Epigenetics is defi ned as a heritable change in phenotype without a change to the underlying DNA sequence. Epigenetics plays a major role in the regulation of genomic structure, and through this can modulate gene expression. A length of up to two meters of DNA is contained within the nucleus of a single cell and, to ensure that the genome remains functional and access ible, is kept in a highly structured state. Th e DNA is coiled into 146-base pair (bp) loop structures termed nucleosomes that contain a protein octamer composed of two copies of each of the histones H2A, H2B, H3, and H4. Posttranslational modifi cations of the histone proteins or their substitution with histone variants alter the structure of chromatin, which then can become tightly packed and transcriptionally inactive, termed hetero chromatin, or open and transcriptionally active, termed euchromatin [1, 2] . Modifi cations occur primarily at the N-terminal tails of the histone proteins and include, but are not limited to, sumoylation, ubiquitination, phos phorylation, methylation, and acetylation. Th e best-studied modifications are histone methylation and acety la tion, which have particular relevance to carcinogenesis. Tri-methylation of histone H3 lysine 27 (H3K27me3) is a repressive histone modifi cation regulated by the poly comb group (PcG) family of proteins. Th e histone methyl transferase Abstract Epigenetic gene regulation has infl uence over a diverse range of cellular functions, including the maintenance of pluripotency, diff erentiation, and cellular identity, and is deregulated in many diseases, including cancer. Whereas the involvement of epigenetic dysregulation in cancer is well documented, much of the mechanistic detail involved in triggering these changes remains unclear. In the current age of genomics, the development of new sequencing technologies has seen an infl ux of genomic and epigenomic data and drastic improvements in both resolution and coverage. Studies in cancer cell lines and clinical samples using next-generation sequencing are rapidly delivering spectacular insights into the nature of the cancer genome and epigenome. Despite these improvements in technology, the timing and relationship between genetic and epigenetic changes that occur during the process of carcinogenesis are still unclear. In particular, what changes to the epigenome are playing a driving role during carcinogenesis and what infl uence the temporal nature of these changes has on cancer progression are not known. Understanding the early epigenetic changes driving breast cancer has the exciting potential to provide a novel set of therapeutic targets or early-disease biomarkers or both. Therefore, it is important to fi nd novel systems that permit the study of initial epigenetic events that potentially occur during the fi rst stages of breast cancer. Non-malignant human mammary epithelial cells (HMECs) provide an exciting in vitro model of very early breast carcinogenesis. When grown in culture, HMECs are able to temporarily escape senescence and acquire a pre-malignant breast cancerlike phenotype (variant HMECs, or vHMECs). Cultured HMECs are composed mainly of cells from the basal breast epithelial layer. Therefore, vHMECs are considered to represent the basal-like subtype of breast cancer. The transition from HMECs to vHMECs in culture recapitulates the epigenomic phenomena that occur during the progression from normal breast to pre-malignancy. Therefore, the HMEC model system provides the unique opportunity to study the very earliest epigenomic aberrations occurring during breast carcinogenesis and can give insight into the sequence of epigenomic events that lead to breast malignancy. This review provides an overview of epigenomic research in breast cancer and discusses in detail the utility of the HMEC model system to discover early epigenomic changes involved in breast carcinogenesis.
Introduction
Epigenetics is defi ned as a heritable change in phenotype without a change to the underlying DNA sequence. Epigenetics plays a major role in the regulation of genomic structure, and through this can modulate gene expression. A length of up to two meters of DNA is contained within the nucleus of a single cell and, to ensure that the genome remains functional and access ible, is kept in a highly structured state. Th e DNA is coiled into 146-base pair (bp) loop structures termed nucleosomes that contain a protein octamer composed of two copies of each of the histones H2A, H2B, H3, and H4. Posttranslational modifi cations of the histone proteins or their substitution with histone variants alter the structure of chromatin, which then can become tightly packed and transcriptionally inactive, termed hetero chromatin, or open and transcriptionally active, termed euchromatin [1, 2] . Modifi cations occur primarily at the N-terminal tails of the histone proteins and include, but are not limited to, sumoylation, ubiquitination, phos phorylation, methylation, and acetylation. Th e best-studied modifications are histone methylation and acety la tion, which have particular relevance to carcinogenesis. Tri-methylation of histone H3 lysine 27 (H3K27me3) is a repressive histone modifi cation regulated by the poly comb group (PcG) family of proteins. Th e histone methyl transferase EZH2 (enhancer of Zeste homologue 2) is the catalytic subunit of the polycomb repressive complex 2 (PRC2), is commonly aberrantly expressed in cancer, and has been associated with aggressive disease [3] . Control of histone acetylation is carried out by histone de-acetylases (HDACs) and histone acetyltrans ferases. Inhibition of HDACs has been shown to induce diff erentiation in cancer [4] and shows promise as a potential epigenetic therapy for cancer treatment (reviewed briefl y in [5] ).
In addition to histone modifi cations, the transcriptional state of a gene can be modulated through the covalent modifi cation of the DNA strand itself, namely by the addition of methyl groups to cytosine residues found in cytosine followed by guanosine dinucleotide pairs (CpG). CpG dinucleotides are statistically under-represented within the genome because of a relatively high mutational rate [6, 7] . However, CpG dinucleotides are commonly distributed in high-density clusters -termed CpG islands -that are often associated with gene promoter regions [8, 9] . Methylation at promoter CpG islands leads to transcriptional repression and is associated with silencing chromatin marks. Inversely, methylation of gene body CpGs is associated with increased expression and active chromatin marks [10, 11] . Methylation of the DNA is performed predominantly by the core DNA methyl transferases (DNMTs) DNMT1, DNMT3A, and DNMT3B, which play specifi c roles in the control of DNA methylation [12] . DNMT1 is responsible for the maintenance of DNA methylation after DNA replication. DNMT1 methylates cytosines on the nascent DNA strand and has a preference for hemi-methylated CpG sites. DNMT3A and DNMT3B perform de novo methylation and methylate fully unmethylated CpG sites. DNMT3A also interacts with the gene body chromatin modifi cation H3K36me3 and has been implicated as being responsible for gene body methylation [13] . Th e regulation of gene expression by DNA methylation has particularly prominent roles in cellular diff erentiation and development. It is well established that embryonic stem cells (ESCs) and fully diff erentiated cells display widely diff erent genomic methylation patterns [14] . Increasing methylation of pluripotency genes pushes cells toward a more diff erentiated state, a process that has been well characterized in breast epithelium. ESCs and breast epithelial progenitor cells display similar DNA methyla tion profi les across diff erentiation-and pluripotency-associated genes ( Figure 1 ) [15] . Th ese genes become hypermethylated during diff erentiation and lineage commitment leading to the acquisition of cell type-specifi c gene expression profi les [15] . Th ese cells also display cell type-specifi c chromatin modifi cation profi les, particularly in polycomb-regulated H3K27me3 marked genes [16] . In summary, both histone modifications and DNA methylation have been impli cated in a wide variety of biological processes such as diff erentiation, genomic stability, and carcinogenesis.
Traditionally, the study of epigenetic modifi cations was performed at one or a few genomic loci at a time. Recent improvements in technology have led to high-throughput methods that allow the interrogation of many or all genes in the genome simultaneously. Th e combination of methylated DNA enrichment or chromatin immunoprecipi tation with microarray or next-generation sequenc ing (ChIP-chip and ChIP-seq, respectively) has resulted in a drastic increase in the number of genomic loci that can be assessed for epigenetic information simultaneously. Th ese technological improvements have seen a great increase in the amount of genome-wide epigenetic data being produced and have given insight into the role of epigenetics in development, embryogenesis, and complex disease. Th is is especially pronounced within the fi eld of cancer research. Th is review aims to integrate some of the recent fi ndings of epigenomic research in cancer and will cover in detail an under-used but powerful model of early breast carcinogenesis: human mammary epithelial cells (HMECs) (reviewed in [17] ).
Epigenetics and cancer
Epigenetic dysregulation has long been identifi ed as contri buting to the cancer phenotype. Global hypomethy la tion of the genome is considered a hallmark of cancer and was one of the earliest epigenetic traits identifi ed in cancer cells [18] . Hypomethylation contributes to carcinogenesis in a variety of ways and, in mice, has been demonstrated to trigger the initiation of cancer [19] . DNA methylation is crucial to the inactivation of transposable genetic elements, and during carcinogenesis genomic demethylation can lead to the reactivation of these elements [20] . Unwanted transposition results in genomic instability, which deals further damage to the cancer genome and contributes to phenotype. Hypomethylation at the pericentric repeat regions also leads to an increase in instability without the activation of transposable elements. Instead, hypomethylation at the pericentric regions results in miss-segregation of chromosomes during cell division and leads to aneuploidy [21, 22] . Increased genomic insta bility results in a higher instance of genomic rearrange ments and leads to the formation of gene fusions and aberrant gene regulation. Additionally, induced hypomethylation of the genome of ESCs can block the capacity for diff erentiation [23] , implicating this process in the loss of diff erentiation and increased capacity for self-renewal witnessed in cancer.
CpG island-associated promoters, including tumor suppressor gene promoters, are commonly hypermethylated in cancer. Among the best-described methylation events in breast cancer are hypermethylations of p16 ink4a (CDKN2A), RASSF1A, CCND2, APC, NES1 (KLK10), RARB, and HIN-1 (SCGD3A1) [24] [25] [26] [27] [28] [29] [30] [31] [32] . Several of these genes are also putative tumor suppressors, and aberrant promoter methylation is associated with gene repression and evasion of apoptosis or deregulation of the cell cycle. A recent study by Helman and colleagues [33] (2011) also demonstrated that hypermethylation of diff erentiation and developmental genes is crucial to lung carcinogenesis. Interestingly, several of these genes, such as PAX6, WT1, PROX1, HOXB13, HOXA1, and HOXA9, are also reported to be hypermethylated in breast cancer [34] [35] [36] [37] [38] , suggesting that aberrant methylation and silencing of these gene sets may be as important to carcinogenesis as the aberrant silencing of tumor suppressors. Additionally, studies have demonstrated that the intrinsic molecular subtypes of breast cancer [39] exhibit diff erent genomic methylation profi les [40, 41] . Basal-like cancers, in particular, can be identifi ed on the basis of their methylation level of a set of polycomb-regulated genes [40, 41] . Given the relationship between the subtypes of breast cancer and patient outcome [39] , understanding the relationship between DNA methyla tion and subtype may be of clinical relevance to breast cancer diagnosis or prognosis or both.
DNA methylation is an early event in breast carcinogenesis
Several studies have sought to elucidate the timing of methylation changes during breast carcinogenesis by comparing normal, pre-malignant lesions, and malignant breast tissue. In one such study, Park and colleagues [34] (2011) compared the methylation profi le of 15 promoterassociated CpG islands in normal breast (NB) with the pre-malignant lesions atypical ductal hyperplasia (ADH) and fl at epithelial atypia (FEA) and the malignant lesions ductal carcinoma in situ (DCIS) and invasive ductal carcinoma (IDC). Th e results showed that a signifi cant increase in DNA methylation levels of promoter CpG islands occurred between NB and ADH/FEA. Additionally, there was a second signifi cant gain in methylation between ADH/FEA and the malignant lesions, but no signifi cant change in methylation profi les between DCIS and IDC, indicating that methylation is an early event in breast carcinogenesis (Figure 1) . Th e data also agree with earlier reports of signifi cant CpG island hypermethylation of estrogen receptor-alpha (ESR1), E-cadherin, RASSF1A, CCND2, p16, 14-3-3-σ, and SFRP1 in both DCIS and IDC [42] [43] [44] [45] [46] . Lehmann and colleagues [43] (2002) also assessed the methylation of CCDN2 across grade-1 to -3 DCIS and found that CCDN2 displayed higher methylation in higher-grade DCIS. Th is suggests that DNA hypermethylation occurs early in breast carcino genesis and is associated with higher grade. 
DNA methylation as a marker for diagnosis and prognosis
Th e tumor-specifi c nature of diff erentially methylated regions (DMRs) provides potential clinical biomarkers for cancer detection. Additionally, the presence of tumorderived free DNA in the blood of patients with cancer [47, 48] promises the development of simple and noninvasive tests for cancer diagnosis/prognosis. Many studies have associated promoter methylation (and subse quent gene silencing) in breast cancer with various clinicopathological parameters. For example, hypermethylation at the promoters of putative tumor suppressors LATS1 and LATS2 was found to be associated with large tumor size, probability of metastasis, and negative estrogen/ progesterone receptor status [44] . Hypermethylation of the repressor of wnt signaling, SFRP1, was associated with reduced overall survival [46] , and hypermethylation of APC, CDH1, or CTNNB1 can distinguish cancer from normal tissue but is not associated with clinical outcome [49] . Table 1 provides a summary of all genes currently reported to have an association between promoter DNA hypermethylation or DNA hypomethylation (or both) and prognosis in breast cancer [36, 46, . In this table, we have highlighted the cohort size and the method used to detect DNA methylation as each method has diff erent sensitivity and specifi city and may not necessarily be directly comparable. It is interesting to note that, despite the global hypo methy lation of the cancer genome, only two studies found statistically signifi cant associations between gene promo ter hypomethy lation and outcome of patients with breast cancer. However, hypomethylation of repetitive elements in the breast cancer genome has been associated with clinical outcome. Hypomethylation of long interspersed element 1 (LINE1) in a breast cancer cohort (379 primary ductal breast tumors, assayed by MethyLight) was associated with decreased overall survival (hazard ratio (HR) = 2.19, P = 0.014), decreased disease-free survival (HR = 2.05, P = 0.016), and increased distant recurrence (HR = 2.83, P = 0.001) in a multivariate analysis [75] . Th e relative lack of promoter hypomethylation in the cancer genome relative to the higher frequency of promoter hypermethylation may indicate diff erent regulatory mechanisms and roles in carcinogenesis (reviewed in [76, 77] ).
Histone modifi cation profi les are altered in cancer
Genome-wide studies of histone modifi cation patterns have shown that specifi c histone modifi cations are associated with specifi c genomic functions and that these patterns are altered in cancer. For example, H3K4me3 (trimethylated histone 3 lysine 4) is a transcriptionally permissive histone modifi cation associated with gene promoters [78] and can shed light on alternate promoter usage in carcinogenesis, whereas H3K27me3 is a repressive histone modifi cation that marks large domains of the genome, including promoters, gene bodies, and intergenic regions [79] , and is important in development and diff erentiation. H3K27me3 marking is mediated by the polycomb repressive complex 2 (PRC2), and the repressive state is maintained by PRC1 [80] . Th e gene EZH2 encodes the catalytic subunit of PRC2, and upregulation of EZH2 in breast cancer has been associated with poor outcome [3] . Overexpression of EZH2 results in the formation of an alternate complex, PRC4, which displays diff ering substrate specifi city relative to PRC2 and is expressed predominantly in undiff erentiated tissue or cancer cells [81] . Th e active H3K4me3 and repressive H3K27me3 marks can co-occur on a single molecule (as confi rmed by ChIP-reChIP [82] ) and is termed bivalent marking. Bivalent marking of gene promoters occurs frequently in ESCs and typically is associated with important regu latory genes (for example, regulators of diff eren tiation, tumor suppressors, and cell cycle regulators) [82] . Bivalent marking is associated with a transcriptionally poised state and is proposed to prevent aberrant gene expression but allow for rapid activa tion during diff erentiation. Notably, genes displaying bivalent histone marks in ESCs are reported to have an increased propensity to become aberrantly hypermethy lated in cancer, but the mechanism underpinning this is unknown [83] .
Integrated analysis of genetic and epigenetic data is a powerful tool in genomics research. Th e histone modification H3K27Ac is a mark of active regulatory sequences (that is, enhancers and promoters) [84] . A recent study by Ernst and colleagues [85] (2011) used the H3K27Ac profi le from a range of cells to identify cell type-specifi c regulatory elements. By integrating the chromatin profi les of multiple cell types with known non-coding disease-related single-nucleotide polymorphisms (SNPs), the authors found that non-coding SNPs often occurred within enhancer marked regions and disrupted transcription factor-binding sites. Th erefore, it is important to consider both genetic and epigenetic aberrations in the investigation of carcinogenesis.
Human mammary epithelial cells as a model of breast carcinogenesis
Although the integration of chromatin modifi cations, genetic data, and DNA methylation is likely to deliver novel insights into the biology of cancer, it is still diffi cult to identify the earliest epigenetic events in carcinogenesis without appropriate model systems. Clinical tumor samples and cancer cell lines contain a cacophony of genetic and epigenetic aberrations that potentially obscure crucial cancer-driving changes from passengers and, moreover, cannot easily capture the progression of [86] . In culture, HMECs will enter a temporary period of senes cence (termed stasis or selection) from which a sub population of cells known as vHMECs (also termed post-selection HMECs) can escape ( Figure 2 ) [86] [87] [88] [89] [90] [91] [92] [93] [94] . How ever, vHMECs are not immortalized and eventually enter an inescapable period of growth arrest termed agones cence [89] . During agonescence, the vHMEC population is unable to expand but retains unexpectedly high cell viability [89] . Initially, vHMECs display a relatively stable genome; however, as the cells approach agonescence, they rapidly acquire serious genomic defects and exhibit a wildly altered karyotype typical of early cancer lesions [90] . 
Variant human mammary epithelial cells display cancer-associated epigenetic gene expression changes
Compared with HMECs, vHMECs display a signifi cantly diff erent expression program [88, 93, [95] [96] [97] [98] [99] [100] [101] [102] . Among the earliest changes identifi ed in vHMECs was the silencing of the tumor suppressor p16 ink4a [96] . Silencing of p16 ink4a occurs in all vHMEC populations and is associated with hypermethylation of the p16 ink4a transcription start site (TSS) [87, 88, 96] . Th e gene encoding p16 ink4a , CDKN2A, also encodes a second transcript called p14 arf . Th e p14
arf alternate TSS remains unmethylated in vHMECs, and transcription from this promoter is maintained. Notably, the p16 ink4a locus is bivalently marked in HMECs, but in vHMECs H3K27me3 is lost in concert with a gain in promoter hypermethylation [103] . It is currently unclear whether vHMECs are a pre-existing subpopulation of normal HMECs or whether they arise de novo during selection in culture. Holst and colleagues [104] (2003) propose that vHMECs do exist prior to selection as the authors identifi ed p16 ink4a silenced and methylated p16 ink4a cells in normal breast tissue, whereas Hinshelwood and colleagues [103] (2009) report that, in early vHMECs, p16 ink4a methylation occurs only as the population of cells expand in culture and is a consequence of prior gene silencing. In addition to a change in p16 ink4a expression, vHMECs display increased Cox-2 expression [97] . Cox-2 encodes a cyclo-oxygenase enzyme and is implicated in a wide variety of cancers, including breast cancer, to promote angio genesis, invasion, and metastasis [105] . High Cox-2 expres sion in vHMECs is also associated with an increased rate of growth and high motility, and silencing of Cox-2 has been shown to reduce this malignant pheno type [97] . In addition to changes in individual gene expression, the transforming growth factor beta (TGFβ) pathway is consistently epigenetically silenced in vHMEC populations, and mutations in this pathway are common ly found in cancer. TGFβ pathway genes found to be silenced in vHMECs include TGFB2, the genes encoding the receptors TGFBR1 and TGFBR2, and an activator of TGFβ, THBS1 [101] . Th e TGFβ pathway is involved in regulation of the cell cycle, induction of apoptosis, and induction of diff erentiation. Detailed analysis demon strated that genes in the TGFβ Figure 2 . Progression of the human mammary epithelial cell (HMEC) epigenome during growth. HMECs undergo a brief initial period of exponential growth followed by a temporary growth arrest termed selection/stasis. A subpopulation of vHMECs is able to escape this senescence and exhibit a second, longer period of exponential growth before becoming permanently arrested at agonescence. Much like during cancer progression, HMECs undergo a stepwise change in DNA methylation levels at selection/stasis and then again following the forced oncogeneinduced escape from agonescence. vHMEC, variant human mammary epithelial cell. pathway are silenced without DNA hypermethylation and that gene silencing is associated with repressive chromatin remodelling and acquisition of H3K27me3 at gene promoters [101] .
Interestingly, the PcG family of proteins is aberrantly regulated in vHMECs, specifi cally in the increased expression of SUZ12 and EZH2 [38] . SUZ12 and EZH2 are components of the PRC2 complex responsible for the methylation of histone 3 lysines 9 and 27 (H3K9me3 and H3K27me3). Increased expression of EZH2 has been associated with poor outcome in breast cancer [3, [106] [107] [108] [109] [110] . As mentioned above, the PcG family of proteins plays important roles in the regulation of diff erentiation-related genes and may be involved in the recruitment of DNMTs [111] . In vHMECs, upregulation of SUZ12 and EZH2 appears to be linked to the silencing of p16 ink4a [38] . Moreover, silencing of p16 ink4a in HMECs by short hairpin RNA (shRNA) induced increased expression of SUZ12 and EZH2. Th e deregulation of the PcG in vHMECs also results in the inappropriate hypermethylation of specifi c gene promoters. Silencing of p16 ink4a or increased SUZ12 and EZH2 expression in HMECs leads to increased methylation at the HOXA9 promoter, mimicking its state in vHMECs [38] . Interestingly, hypermethylation was not seen in p16 ink4a -silenced HMECs when SUZ12 was inhibited by shRNA. Additionally, the HOXA9 promoter was enriched for PcG proteins and DNMTs, suggesting a direct interaction. Th ese results suggest that, in p16 ink4a -silenced vHMECs, the PcG proteins and DNMTs interact to contribute to the pre-malignant breast cancer phenotype.
Variant human mammary epithelial cells proliferate rapidly despite elevated p53
In addition to the many cancer-associated changes, vHMECs exhibit upregulation of tumor suppressors, including several key members of the p53 tumor suppressor pathway [95, 99, 102] . Th e p53 protein is a key tumor suppressor and regulates the cell cycle through the activation of cell cycle checkpoints or apoptosis or both. Activation of checkpoints is achieved through DNA binding by p53 and the activation of p53 response genes, such as p21, which mediates p53-induced G 1 cell cycle arrest [112] [113] [114] . Regulation of p53 is achieved through proteasomal degradation triggered by ubiquitinylation by the p53 regulator MDM2 [115] [116] [117] . In vHMECs, the p53 protein is stabilized, resulting in the upregulation of p21 [99, 102] . Multiple studies have demonstrated that vHMECs contain a wild-type, mutation-free p53 protein [95, 102] and that the p53 response to DNA damage remains intact [102] . However, vHMECs are able to expand faster than HMECs that have a low p53 expression. Th is increase in p53 stability has been linked to silencing of p16 ink4a in two studies. Re-expression of p16 ink4a in vHMECs results in reduced levels of p53 protein and p21 expression, whereas silencing of p16 ink4a by shRNA in HMECs leads to p53/p21 activation [99, 102] . In vHMECs, p53 is stabilized despite the presence of high levels of MDM2 expression. An investigation into this phenomenon found that vHMECs express a truncated 60-kDa isoform of MDM2 that can bind p53 but does not induce its degradation [102] . A 60-kDa form of MDM2 has been reported in multiple cancer cell lines as a result of caspase cleavage [118, 119] that retains p53-binding capacity but lacks a C-terminal RING domain responsible for p53 ubiquitination [120] . Th is matches the properties of MDM2 observed in vHMECs. Silencing of p53 does not have an impact on the rate of growth of vHMECs [102] . Interestingly, silencing of p53 in an agonescent population results in loss of cell viability and widespread cell death [100] , indicating that aberrations other than silencing of p53 are important in breast carcinogenesis.
Variant human mammary epithelial cells do not undergo oncogene-induced senescence
Normal cells use several checkpoints to prevent malignant transformation and one such checkpoint is oncogene-induced senescence (OIS). OIS was identifi ed in 1997 when overexpression of mutant Ras in normal rodent cells resulted in permanent growth arrest via p16 ink4a and p53 [121] . Overexpression of Ras in vHMECs did not induce OIS, whereas Ras expression in isogenic HMECs did induce senescence [94] . Th is may not be surprising, as vHMECs do not express p16 ink4a . However, further studies have demonstrated that oncogenic Ras can induce OIS in HMECs in a p16 ink4a -independent manner [122] . Th is study found that, in p16 ink4a /p53-negative HMECs, Ras-induced senescence was sup pressed by the antagonism of TGFβ signaling. Th e lack of TGFβ pathway expression in vHMECs likely serves as an additional factor in their ability to avoid OIS. It is interesting to note that the expression of oncogenic Ras in vHMECs did not result in carcinogenic transformation. Neither an increased growth rate nor increased genomic instability was reported in vHMEC-Ras cells [94] . However, exposure of vHMEC-Ras to low levels of serum in the growth media during agonescence did result in spon taneous immortalization and the capacity to overcome this second proliferative barrier. Removal of the serum stimulus did not cause these cells to revert to their mortal state and indicates that this transformation is permanent. However, immortalized vHMEC-Ras cells were not tumorigenic when injected into mice. Th e ability of vHMECs to avoid OIS is further evidence that they represent a partially transformed, pre-malignant breast cancer cell type.
Variant human mammary epithelial cells exhibit an aberrant methylome
DNA hypermethylation at the p16 ink4a promoter is well documented in vHMECs but does not represent the only change across the genome. A study into genome-wide DNA methylation by Novak and colleagues [123] (2009) used MeDIP-chip (methylated DNA immunopreci pi tation followed by hybridization to microarrays) analysis on HMEC and vHMEC populations. vHMECs displayed a large number of DMRs (n = 191) when compared with their isogenic counterparts; notably, there was a signifi cant overlap between vHMEC DMRs and methylation status in tumor samples. To confi rm that the progressive nature of DNA methylation change was due specifi cally to transformation and not to a slow ongoing process induced by prolonged culture (Figure 2 ), Novak and colleagues (2009) tested several time-points during HMEC and vHMEC growth. HMECs from early and late passages displayed a similar and stable methylome, as did early-and late-passage vHMECs. Overall, the vHMEC methylome remained stable until immortalization, in which vHMECs undergo a further signifi cant change, indicating a stepwise progression of DNA methylation during HMEC transformation, much like that reported in breast carcinogenesis (Figures 1 and 2) . Notably, several of the genes reported as diff erentially methylated in vHMECs by Novak and colleagues (2009) also appear in the list of breast cancer prognostic marker genes ( Table 2) .
Temporal changes in DNA methylation occur as variant human mammary epithelial cells escape senescence
Despite the demonstrated stability of the vHMEC methylome [123] , there is signifi cant heterogeneity in methylation patterns across the p16 ink4a promoter as determined by bisulphite sequencing. Some regions at this site appear to be protected from hypermethylation during gene silencing [103] . Until recently, whether methylation at the p16 ink4a promoter was a cause or consequence of gene silencing was unknown. A study by Hinshelwood and colleagues [103] (2009) assessed hypermethylation of the p16 ink4a promoter region of vHMECs in the fi rst few population doublings following selection by using laser capture and found that p16 ink4a was silenced prior to hypermethylation. Th e study also found that DNA hypermethylation was initiated at distinct foci or 'hot spots' of DNA methylation that occurred at a regular pattern across the promoter, in accordance with the pattern of nucleosome occupancy (that is, approximately 147 bp unmethylated region followed by approximately 50 bp of hyper methy lation). In a further investigation, chromatin from vHMECs was treated with the DNMT enzyme SssI in vitro. SssI can access only free DNA not bound to nucleo somes, and only the 50-bp linker region between nucleo somes is methylated during treatment. Bisulphite sequencing revealed foci of DNA methylation separated by a hypo methylated nucleosome-bound region that matched the methylation pattern seen in vivo. Hinshelwood and colleagues [103] (2009) proposed that silencing of p16 ink4a is initiated in conjunction with the acquisition of repressive histone marks and that preexisting hot spots of DNA methylation may serve as seeds of permanent silencing and the recruitment of DNMTs and other repressive complexes.
Future challenges for the human mammary epithelial cell system
Extension of this model system to include early malignancy should also be a focus of the breast cancer research fi eld. To date, there is no system in which a study may follow the transformation from normal to pre-malignant to early malignant lesion (that is, DCIS) or beyond. Previous attempts to grow HMECs or vHMECs in mice have been unsuccessful without the introduction of onco genes or humanizing the mouse mammary fat pad with human fi broblasts. When grown in humanized cleared mouse mammary fat pads, HMECs are able to generate normal breast ductal structures [124] . Additionally, the implantation of HMECs into mouse mammary fat pads humanized with fi broblasts transformed to abnormally express key growth factors resulted in the generation of structures similar to those seen in early breast malignancy [124] . Th ese results demonstrate that the HMEC system is also a useful model for studies of the role of cancer/stroma interactions during carcinogenesis. Th e development of further model systems using HMECs and vHMECs that follow the natural progression of cancer growth in vivo will be invaluable to the understanding of breast cancer biology.
Conclusions
Th is review has presented much evidence that demonstrates that epigenetic dysregulation is well established as a major contributor to cancer progression and phenotype. It can be clearly seen that changes in DNA methylation contribute to a wide variety of cancerassociated phenomena such as genomic instability, silencing of tumor suppressors, and inappropriate regulation of diff erentiation-associated pathways. Chromatin remodelling is also a powerful tool in the evolving cancer cell and contributes to deregulation of gene expression and the inappropriate targeting of DNA methylation observed in cancer. Th ese epigenomic phenomena are being studied with ever more powerful, sensitive, and well-developed tools (for example, ChIP-seq), and use of next-generation genomics approaches demands the use of an equally powerful and sensitive model system. It should be clear that this role could be fi lled by the HMEC model system. HMECs and vHMECs are able to recreate in vitro the very earliest stages of carcinogenesis and exhibit a wide variety of cancer-associated expression, chromatin, and DNA methylation changes. Additionally, the HMEC system can be used to provide temporal information that cannot be obtained by using cancer cell lines or tissue samples, particularly in the very early stages of oncogenic transformation. In terms of both the generation of cancer biomarkers and the understanding of cancer biology, the HMEC system promises to deliver fi ndings otherwise unavailable to cancer researchers. Abbreviations ADH, atypical ductal hyperplasia; bp, base pair; ChIP, chromatin immunoprecipitation; ChIP-seq, chromatin immunoprecipitation followed by next-generation sequencing; CpG, cytosine followed by guanosine dinucleotide; CpG island, regions of the genome containing a high density of CpG (cytosine followed by guanosine dinucleotide) sites; DCIS, ductal carcinoma in situ; DMR, diff erentially methylated region; DNMT, DNA methyltransferase; ESC, embryonic stem cell; EZH2, enhancer of Zeste homologue 2; FEA, fl at epithelial atypia; H3K27Ac, acetylated histone 3, lysine 27; H3K4me3, trimethylated histone 3 lysine 4; HDAC, histone de-acetylase; HMEC, human mammary epithelial cell; HR, hazard ratio; IDC, invasive ductal carcinoma; NB, normal breast; OIS, oncogene-induced senescence; PcG, polycomb group; PRC1, polycomb repressive complex 1; PRC2, polycomb repressive complex 2; shRNA, short hairpin RNA; SNP, single-nucleotide polymorphism; TGFβ, transforming growth factor beta; TSS, transcription start site; vHMEC, variant human mammary epithelial cell.
